Abstract. This paper reports on the Hall Effect and their stress dependence, observed experimentally on the superalloy Inconel® 718. The work is motivated by the desire to develop a nondestructive method of characterizing the near-surface protective residual stress in metals. Our approach is based on Hall Effect measurements, because it is anticipated that these measurements are less contaminated by cold work and other effects than conductivity-based measurements such as eddy current. The challenge is that, in metals, the Hall coefficient is very small. To achieve the required sensitivity, the Hall coefficient was measured with an AC injected current and an AC magnetic field. The measurements were performed on a thin film sample. The Hall coefficient was found to be positive, and varies proportionally to the applied tension. The proportionality coefficient is significantly larger than estimated from the volumetric effect in a free carrier model.
INTRODUCTION
Mechanical characteristics and corrosion resistance of metals can be substantially improved if the near-surface region is under compressive residual stress. Treatments such as shot peening and cold working are widely used to implant the protective stress. However, a component in service can lose the protection, resulting in a higher probability of failure. To mitigate the problem, a nondestructive characterization method of residual stress is highly desirable for securing extended life of metal components.
During the last decade, significant efforts were made in this field based on eddy current NDE of superalloys. It was shown that the electrical conductivity of nickel-base superalloys is a function of stress; and it was expected that the conductivity measurement by the eddy current technique would provide a direct means to characterize the residual stress. The problem is that the stress-conductivity relation is affected by contaminating effects. Specifically, the electrical conductivity depends not only on stress but on cold work and other microstructural effects that result from peening or relaxation after peening. This means that even highly accurate eddy current measurements could not be selectively sensitive to the stress state.
In search of a contamination-free approach, the Hall Effect has been considered to be a possible candidate. Although more complicated technically, the Hall Effect measurement can be more selective to stress deviations, compared to conductivity measurements. In terms of underlying physics, the conductivity depends on the transport property of charge carriers, such as the mean free pass, which can be easily affected by material's microstructure, e.g. being affected by cold work. In contrast, the Hall coefficient is expected to have no dependence on the carrier transport property, and may depend only on elastic stress, at least in the free carrier approximation with a single type of carriers. The stress dependence of the Hall Effect has been shown in previous studies [1] [2] [3] . However, to the best of our knowledge, there exists no literature on the Hall Effect and its stress dependence for nickel-base superalloys. This paper attempts a first step toward applying the Hall Effect measurement to nondestructive evaluation of nearsurface stress in superalloys. Here, we limit ourselves to contact measurements, and obtain the basic material properties experimentally, i.e. the Hall coefficient and its stress gradient. In the next section, we estimate the stress dependence of the Hall coefficient under tension, based on the free carrier model. Then, we describe our experimental setup, used to measure the Hall coefficient in thin metal plates under tension. Finally, we present and discuss the measured relationship between the tensile stress and the Hall coefficient in nickel-base superalloy Inconel 718.
THEORY
The Hall coefficient, RH, is defined by the equation:
where �����⃗ is the electric field counterbalancing the Lorentz force acting on the current density ⃗ from a background magnetic field with the magnetic flux density �⃗ . In a simple free charge carrier model, the Hall coefficient is expressed in terms of the charge q and the carrier density n as
Since is a density, it is inverse proportional to the volume , i.e. is proportional to . Hence, when the volume deviates by a small amount Δ , the Hall coefficient varies relatively as
Now, consider a plate specimen under a tensile stress in the direction of the current, with a strain of . Let be Poisson's ratio of the sample. In this case, the sample thickness and volume undergo deviations by ∆ and ∆ respectively, where = − and = (1 − 2 ) . It thus follows that
where is the estimated stress sensitivity coefficient due to the volume effect. For Inconel 718, = 0.29 [4] , and hence = 0.42.
If these estimations hold true, rather stringent measurement accuracies are required. For instance, the Hall coefficient should be measured within the accuracy of ~0.2% for a stress of 1 GPa, given Young's modulus of 205 GPa. However, the actual measurements described in what follows exhibit a much stronger stress effect than what is predicted by the simple model. It is no surprise that the naïve free carrier model fails to apply to a complex material such as Inconel.
EXPERIMENTAL SETUP
Consider a sample of a rectangular plate, where a total electric current of flows through the plate perpendicularly to an external magnetic field with the magnetic flux density of . Our task is to measure the Hall voltage that is expected to appear in the perpendicular direction to both the current and B field directions. The basic Equation (1) can be converted in this case to the relation between the Hall coefficient and the Hall voltage which reads
where is the plate thickness. When the sample is under tension of the strain , all of , , and deviate from the no-stress values, and their relative changes are related to each other via
by which ∆ ⁄ can be calculated from experimental ∆ ⁄ .
One critical step is to cancel out the voltage offset between the contacts, which may mask the Hall voltage in the measured pickup voltage ,
Here, is an effective resistance between voltage contacts, which is dependent on the individual sample shape. The standard Van der Pauw method [5] is not applicable to our measurement geometry, because we should permit application of a tensile stress to the sample while the overall sample size is larger than the uniform area of the applied magnetic field. Our approach is to use sample geometry as shown in Figure 1 . The central part of the sample is the detection area, which is 10 mm wide and 0.1 mm thick. The injected current flows from left to right in the photograph. The sample has three pickup voltage contacts, one located at the lower edge, and two at the upper edge. A potentiometer is connected to the twin upper voltage contacts. The resistance value is approximately 100 Ω, which is sufficiently larger than the resistance between the contacts, while being sufficiently lower than the input impedance of the detector instrument. The potentiometer is adjusted by hand so that the offset voltage is minimized. In fact, DC measurements require near perfect cancellation of the offset voltages [6] . In contrast, we employ AC measurements where we adjust the offset voltage to be small but finite, at the level comparable to the Hall voltage, and eventually eliminate the offset voltage contribution by the phase-sensitive detection afforded by a lock-in amplifier. It should be remarked that we can safely neglect the magnetoresistance effect because it gives only a small contribution to the offset voltage, and because the effect can appear only in higher harmonics since the magnetoresistance is a function of | | instead of itself. For this report, a sample was prepared from Inconel 718 (Ni 53%, Fe 19%, Cr 19%, and some materials by weight) [4] . The sample is mounted to the loading fixture as shown in Figure 2 . The fixture can apply a tensile stress to the sample through a bolt. The strain of the sample is measured by strain gages. Two strain gages were used to cancel temperature effect of the gages, because the temperature of the sample rises due to the Joule heat of the injected current. The sample is inserted into the uniform magnetic field, while Figure 2 shows the sample and loading fixture taken out of the uniform B field for visibility. Table 1 .) The magnetizer has a uniform magnetic field area (no less than 99% of the maximum magnetic field) of 20 mm in diameter. The uniform area is sufficiently larger than the sample width in the middle. Two sets of the function generators and power amplifiers are used to drive the injected current of the frequency to the sample and a magnetizing current of the frequency to the magnetizer, where the two AC frequencies are chosen such that ≫ . The Hall voltage appears as the amplitude modulation of the pickup voltage, which is demodulated by the lock-in amplifier. The amplitude of the magnetic flux density in the uniform area is measured by a Hall sensor. The LIA is locked to the current frequency . The LIA is used to detect the small pickup voltage, particularly to detect the Hall voltage in isolation. The Hall voltage becomes larger as the injected current and magnetic flux density increase. The current of 3 A at 1 kHz and the field of 1T at 0.1Hz were used. These drive levels are at the largest possible values that our experimental facility permits. It has been verified that the frequency of the injected current has no impact on the Hall voltage under frequencies of the order of kHz.
To measure the stress sensitivity, the Hall voltage was measured while applying the tension of varying intensities. Typically, seven data points were chosen during a stress cycle, where the minimum and maximum strains are approximately 500 and 2500με. We targeted the accuracy of the Hall coefficient measurement at 0.1% changes as predicted by the free carrier model. We typically measure the Hall voltage 20 times at each data points, to enforce the accuracy.
EXPERIMENTAL RESULTS
The Hall voltage is measured in the direction perpendicular to the directions of both the current and magnetic field. Figure 4 shows the measured waveforms of the magnetic flux density ( ) and the Hall voltage ( ) for the copper [7, 8] ), confirming the adequacy of our measurements. For Inconel 718, this is the first measurement to the best of our knowledge.
It should be remarked that our measured Hall coefficient exhibited an unexpected temperature dependence. In fact, it is significantly larger than the dependence observed by Hitchcock et al. [8] . We suspect that this comes from an unknown experimental artifact. Thus, we made efforts to minimize the sample temperature variation, and our reported data were taken in the temperature range between 306.5K and 306.7K. Figure 5 presents the stress/strain dependence of the Hall coefficient of Inconel 718. We applied 500, 1500, 2500, 2000 and 1000µ strain to the sample in this order, and repeated this cycle three times. As seen from the graph, the Hall coefficient is a linear function of the strain. The proportionality coefficient is +7.56 µV/ε, and the Hall voltage under zero stress is +3.06 µV at 3 A and 1.2 T. From the linear fit, the measured stress sensitivity of the Hall coefficient is calculated from Equation (6) as ∆ ⁄ = 2.2ε,
which is about five times larger than what is predicted from the simple volume effect.
SUMMARY
The Hall coefficient and its stress sensitivity have been measured for Inconel 718. As expected, the coefficient increases linearly in magnitude under tensile stress. Furthermore, the stress sensitivity is substantially (5 times) higher than predicted by the simple volume effect in the free carrier model with one type of carrier.
The observed sensitivity of Inconel 718 corresponds to 1.2% deviation of the Hall coefficient under a stress of 500 MPa, suggesting that this effect could be used potentially for NDE of stresses in Inconel 718 and presumably in other superalloys.
